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I'here are t^'o ways by which the electrical and magnetic 
properties of silicon-steel sheets can be improved, fhese 
are either by change of the steel composition during steel 
making or by the change in grain siae and by decreasing 
the various impurity levels, through various finishing 
treatments, 'i'he present investigation has been aimed at an 
improvement in the properties of the 30G-grade silicon steel 
sheets entirely through the finisi’ing treatments. Various 
cold reductions followed by annealing and the use of chemically 
active coatings which might affect de carburization and de- 
sulphurization during subsequent annealing of the sheets have 
been investigated. There exists a critical level of cold- 
reduction of 10 pet. and an optimum annealing temperature of 
800°C for which tbe average grain size is maximum and the 
corresponding core loss values were minimum. In case of the 
boated samples, some of the coatings give better electrical 
and magnetic properties after annealing which is explained 
as due to better de carburization and desulphurization of the 


stoei. sheets. 






P ago 

O' .1 . 

’l 

XjI J.^LjnL'IUj.uiii xiJllVI ji/W 

1 


1 . ± 

In'cl’oductioii 

1 


1.2 

ic-.-ctors axfccting oloctrical and 
magnotic proportios 

2 


1.3 

ilocrystallization and grain— growth 
in uili con- stool 

22 


1.4 

hffv-ct of CiiGraical coating on 
nagnutic properties 

27 


1.5 

3 cope of I’l' ..j s ont " h i-lc 

32 

G1U.2‘2.11 

II 

hXP -i. L . hr lAL I ItUC hhuilh 

34 


II. 1 

Sai'iplu -c'hopara.'oion 

34 


II. 2 

Annealing 'Jh’watnont 

4o 


II. 5 

x.Loasurcmo-nt of lAwCtrico.! eind 
. j.agr.. 0 ti c r’r o p or t i o s 

,43 


II. 4 

Optical .ilcrofscopy 

47 


II. 5 

Arittloiioss lost 

5o 


II. 6 

Ohowical Aiial/rjis 

50 


III 


52 



Part I (Oold-workod and annoalod 
silicon- stool siioots) 



III.l 

i' A c ro s t ru c t ur c 

52 


III. 2 

G-rain Size 

6C 


III. 3 

drain Aspect iAitio 

63 





x’agvj 

III. 4 

CorL.'"loss 

65 

III. 5 

Iiii tial i c t i zo.tl o ii 

66 

III.S 

Iri'ctluioss 

7u 

III. 7 

Chimical Analysis 

75 


lart II (UIio ically coatod a,nd 

ami oal od 3 ili co n- ■ sli ^ ^ t s ) 


HI 7 

ij.CiOstiuctu.ro mid Haia Size 

74 

jull.9 

Core-loss 

77 

iii.iu 

Ini rial liagiioti zmbioa 

77 

III. 11 

”c "b 1 0 IO.U s s 

81 

III -12 

Gii-jiiical xlialysis 

SI 

CiiAI^i’H 17 

DIoCu’bdIOiT 

85 


Part I (affect of Aniioaliii^ on yraia 
size control) 


17.1 

iteciy stall! zation and grain groirth 

06 

17. 2 

jsLcctrical ajfd i.’a.gnotic p.ropvi-rti es 

09 

17. 5 

Brittloaoss 

90 

17.4 

jiCfect of iuir.oaling Atnospli^-io on 
Sti.i.,1 Conpc sition 

91 


Part II (iffoct of Cliomico^J- 
Co atings ) 

92 

17.5 

Grain Size 

95 

17.6 

Aloctrical and i-IagnHic Proimrtios 

95 

17 7 

Brittleness 

97 


CONCnUSIOS'S 

98 


JblSi' UP X uiJi.'',.L'ii’v .i !in 0 pS 

ICO 



CiliiPi'jjii I 


jIT— ij.uA2USjJi 


1,1 I nt ro due tion 


In r.cont years considoraolo rcsearclx lias lieon don 


in tlio dovolopnoirb of ol^cirical j^rade steals. liiis i; 


j.aai.nly duo to tli-.: fo.ct tliat better perfoiiianco or el ,ct... i .al 


u(:juin/A...iits and vaocli in ^ry dCi'\?iid 3 suporioi' ^rado kia/borials. 


Increasing stringent i-equiremont s, of olectricc^l grade stOv-ls 


for bettor service norfori-mneo iio-s iiacle steel aalnors seek 


constant improvo/ients in production tochnology^ 


jsides co:vkrolliiir tno cho.'...icO:.l cora porition and 


iropxoving deozidation practice in steel .-iaicin^ stage, rolling 


parane .c;rs and suosesiuait Uxinealing cycl^xS lave been 


precisely doteraiiivjd'^'^''. jJiifvxrunt teclnic^uos such as 


'ec....^ otallisation and grain gi’C'S'/tli, doc,ar'burisatio-.. annealing 


and 3- .noaliiig in magnetic field have boon successfully 


:'icd. 


rre gross during the la.st decade hci.s ’3ec-n rorriarhablt 


in the dev.lo -ment of electrical ..fade steels. In the c:-iS'. 


of non--orionted grade, somiorganic coatings ha.ve been deve- 


3-opcd to irprovo the electrical properties. Use oi these 


coatinp^s has further helped to inprove producitivity by 
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imp.. ving the I’ciPiability of tlio slieetsi Among tno gi-ain 


orio— ted elecoiicnl stools, tho devolopmnxb of ■ , .nac’-os 'wau.; 


• . w jZ/ W 

i....Cx-Gasod peiauecijility is reported. ..-ith t-.'.^so steels, 
nemoi-rmably I'-oducod j.i;,'-storefais loo.s -s attained dt a high 
de.grac of .ji’ain-orienta.tioii. hscreaso in eddy ceinrent 
loss is acliisY,.,! by the use of certain cliemico.l coatings 
\! .ich induce tonsLle sti’esses on the ourface. .jc,uipm:nts raai 
fs'ou such stools ha.vo deraonstrat „d tboir supErioaity over 
conventional count or;pa.rts in t.'.'.oir loaror tota.l loss, loi'er 
encitix:;.., current ouid lowor noise, 

ifLt*..oug,li; cor sidoicdolo effort .has been put in tho 
devcl:)pm..nt of tnansfermor grade olectri ails 3ts>-ls, very 


■'■-•ih r! rerh ...0.3 boon aeportod on t.he r. cv._lop.'...ont of dyna.no 


- -.u u G 


grade oljctrical sheet stools. 


1 . 2 fee to.r 3 iif f pctpLng^ ecgtipL cal, pniji xng aieti^c , i:hy oortj.e^ 


file magnetic properties of steel depends on chemical 
composition arid isicrostructaire. Certain properties like 


satUvEtion induction Int o...ii-J3r of angiieti sj.tion I_, the 

b S 


mo-i^netostrictionA , rno c.n'ie roup ...ra'feure <md crystal 
anisotropy constant i!., jased al.no st entiralo;" on the ■chei.istr 
0.1'e ref..rred to as structure insensitive properties. ITiie 
structure sensitive ,^.ropertloB are permea.bilit 37 ' ip., .coercive 


force n . She size of the hi’cteresis loop, on the otherha.nd 
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j •uLerraa.l and. meCij.anical ■tr,.at.aen1;s 

r *5 j 

^ -? -i-v. ^ •, o ^ . 'ialile 1 • 1 li st £ 


ro 01 me xiaxeri 


biTe and insaisitive loroporties o-nd 

+ • [4J 

ec'Giiifir tnem 


gap nly _s ensiiiy^e^ 

siruct ure and so me , of tjie 
eff...ct such cliaiip’ s. "" 


Struc'bure 


i-'actors affectin^j- 


censixive 

xi’p'oerties 


the properties 


\x , p eriueaoi- Coapo sit ion ( c-ro s s ) 
lity 


h , coercive Inpurities 
^ force 


I 1 rh'' s t er e si s St r a.iii 


IcHD oratur e 


orys'cal srrucxure 
cry st 0.1 ori entati on 


ensitivc pro erties are of special 


oraine tiie ease of naii^netisation ancl 


jeping the che. .istry of the stool 


3 to alter the, structure, so as to 


etic properties of steel. hdG.y-cu::ren1 


the stmc ‘bur e-son si tivc and structur 
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1.2.1 if f 0 c 'l: of- r.'o iJi na.! Gli oral c . 0.1 Co mo o si f ion : 


( i ) .-v.f f.‘“,PA .9 . Silicon : 


Tie c.ddition of silicon to steel clia..j.seG mai^netic 

prooGi'ties liioo se.tui'ation induction 3 . coercivev force 3^, 

X i s' c' 

iiarii''.Ujii p el-mo' tijility , curie point olectrical 

* iilc-'v^cL 

r-osistivitj/- j, Eysteresis loss si- . end tlie total spociiic 

il ^ 

loss ’Wgi. Tne saturation-induction^^;!, Curie point (Hj^. 1.1) 
Total specific loss, nystoresis loss, end tlio coercive 
force decroase with the increase in silicon content 
(x-ip'* 1.2)^'^!!, Tdiercas propcrtioc lilr.e nr.nimum pernochility, 

olectrical resistivity increase with the increase in silicon 

_ .. ... -I- [ 5 J 

The pha.se diagraii of Iron- rich iron- sili con alloy 
is shown in (fip. 1.3)^'^’''- The scluoility of car loon at room 
•'Gemp -rature is ;iot pi-ea.tl3J' influence?. 3y silicon, out the 
presence of silicon causes car.. on to precipitate largely 

as giaphita ra.ther than as come.; tit e. This lias a relativels?- 
small effect on the rjagn-etic properties. 


( i i ) ^f . - ejc;g of C arbon ; 

jjffect of small carton contents on the a, y t)ound;.rie 
of tile iron- sill con equilibrium diagram is sliown in 
(rip. Tho gamma-p.iase characteristic of _.-ure iron. 



9 



Fig.l-t -Effect ot silicon content on the electric 
and magnetic properties of silicon steel. 


Resistivity.p, microohm- 


HV9TtflESlS t-OSS CVCLS, tN 





t 


ATOM*t Pfn CtMf SILiCCM 



Fig* 1.3- Phase dlagraa of Iron^rlch 
Iroa-oilicon alloys^ . 



6 





• 1*4* Effect of small carbon contents on the 
Y boundaries of the Iren- silicon 
distrain 



9 


does not erist in c.ll03?'s coi-.'uninin^ more tlia.n 2.5 pet. 

silicon. jDUt e-von a small amount ox cax-jon tdiidens the 

c: + Y region and extends -hie bou-nclary ootueen c; + y a 

beyond 5 pet. silicon content. lhei''efore, in most co.’.mercial 

adloys, uhicii contain 5 pet. or loss silicon, a- certain 

3''iall fra,ction of mateidal transforms 'bo the y phase above 

c-bout 800° 0. x'oi'' tl'is i'’oa,son conventional annealing is 

ce.rriod oxit ;^ust beloif this toiiiperature. 

ll-o effect of carbon on the nagnotic properties of 

ti'cnisforriier steel have been studied in gi ea,t detail b3r many 
[6 i 

researchers^ Core- loss of a ti-'ansfomier steel increases 

up to a c;arbon level of 0.015-0 .010 pet. due to conientite 
inclusions present in t.b.e stincture. liti.i fax'thor inc_ease 
of carbon (a ove 0.02C pet. carbon), g;. aprJ.tization occurs which 


I’esults in a O.ecrease in core- loss. 


The e foot ot C'l’bon on h3'steresis loss has been 

J7J 


repoi’ted by several authors 


'fixe fact that carbon can exist 
in ste^l in different forms xxalces it nccessia-y to take this 
into accoiont i.e. , whether it oceux's in solution, as free 


cs-rbide, as pearlite or as gra.phite, hisre,,,arding, gx’ain 
structui’e, the loss due to presence of emreon is nor.xallj’' 


represenxed as 


1C 


IJI = ICC 


who 


)-L 0 


vVll 

c 

K 


1 -1 

fiysteresi r:. loss, er^-s cm c^T-cle 
Carooii content in steel, -pet. o.nd 
is a coi'-stant. 


j... vairies between 225u and 220 ,uuu defending on can’bon 
level. I'lius coix'bon is byxar tiie most important impurity . 
affectin,, jaagnotic cnaracteristics^^^ . 


I'ne oifect of nigiier c^n-bon on the lij^-steresis lose 

and on the minimum reluctivity of iron-- silicon alloys is 

fc 1 

given in oigs. 1.5 and 1,6^ _ respectively. 


[8,9] 


( i ii ) n ffect of Other Impuri tio s : 

fhe presGiice of impuritios^'^^"''^, either in solution 
or ns i...clnsions disrupts the regeiarity a.nd continuity of 
the crystalline arremgement , and this cakes donenn movements 
and ali^;nu.ents difficult. Hence an attempt is lade 'to reduce 
the impurity level to the lowest value in the ^trocess of 


steel making, 

'i'he off set of sulphur on hy sterecis-loss according to 
Yensen^"*"^ is norr3.11y represented asi 


th = 10, 000 b 

where s = pet. sulphas? content in steel 

iiltiiough the oifect of oxygsn^^^ , on lij'^staresis 
loss is normalmy, not represented in the farm of equation, 




1 . 5 . 


Effect Of carbon on toe hyatereeli 
lone of Iron-silicon alloye^^^, 

impurities and effect o 

g*(iln size .iliminated) 




I •6* Bffaot of carbon on mintaua 
reliiotivlty (rociprooal of 
maximum permeability) of iron*^ 

silicon alloy®^^^. 

(No correction made for ineidental 
iapuritiea or grain aiae) 
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tile best results are obtained wlien the difference 
of of 

pet./ carbon and pct./ox’fgen in. steel is zero. 

I'ne 3-0 wer 3.oss obtained by balancing tne 


betu'een 


eff ictsof 


impui'iti cs, caroon aid oxjgen i.3 sliown in 1^1^. 1.7. 

file influence of orlier ^elaaents, on magnetic ciiarac- 


terietics is oexieraliy given by the following 


aquation 


[7,15j, 


wh = 31 + 8uG + I6,5o0 (CS~o.008) 

+ 13000 a + 1000 i-iii. + 15000 f. 

'Where, if, C, b, In, P repr esent; pet * nitrogen, pet. carbon, 
pet. sulphur, pet. maiii^anese and pet. phosphorous respectively 
in ste^l. 


1.2.2 h ffoct of innealiiiA !I'r e at:;iont 

The total electrical losses (coreloss) in a steel can 
be broken down mainly into hysteresis-loss and eddy- -current 
loss. Those are controlled by the follctring factors^^'^. 

Grain orientation 

Purity (inclusions, precipitates) 


Hv s 1 0 r e s i s- 1 0 s s 


Internol stress 

U 


nlcctrical ro-sistivity (bilicon 

content ) 

nddy-current loss insidual tensile stresses 

( s lU’f ac 0 CO o. t ing ) 

bize of nagnetic domain (grain size) 








•f 



ONnOli UiJ • . 
tiJlVM IVJlOA 


?ig. 1.7« Low-loss caused by balanoing of 

impurities of carbon and oxygen 
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P'a:..’i'’cy aiid electivical resistivity arc controlled ty 
tlie cherical conposition and the steel :-.iaking process -.adopted, 
heerc treater Sit process aj.so i etorsiines the r.c-ipnitude of the 
a.'ove ii.ticnec’ ceiitrihutory is.ctoro, vnich increase the 
clectriccil losses. 

( i ) Arir^ealinp;. Te mpe rature : 

Generally, liighor txie ai-mealiny tonperature , lower is 
the tot<-l core-loss iox’ a .xot 0701101 jlcctriccvl steel, lut^ 
tne highest j)--''asiDle annealing temperature wiiich can loo usjd 

f j 'i 

is lioiitod jy txie cheiViical composition*-^-^. Iroa the [r'e-idlj 
oQuili'briUia diagi-ain (lig. 1 , 3 ) > the maximum annealing 
te,;p orat'ur e con. be deteriui-nod. Ibr anneel-ing a D.oir silicon 
stool (with a.bout 1 pet. bi), a, tenperature beloTr 900^0 is 
recommended. Ibr stccD. with tiyher silicon contmot (i.e. 

more tlian 2 pet. silicon), an a:...nealiiig temper:. turo above 

0 r 11 I 

loco C is advi:a:Dle^ 

(ii ) innGa,liiig,..Cyc,le: 

The rate oT neatin-o to reach the anmealin^' temperature 
has a determining influence on final electrical properties 
of the-st..el. (leod vi3.gnetic properties m t oo'i:ai..:ed if the 
steel is hesvted rapidl:: to the high annealing temporature . 
xbr example i 'irhen a steel sample is placed in furnace at 
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high t euipei'atures , fine grains uithout texture are foriaed 

caiid the aample has poor iae.gnetic properties^^'^-^. Vhen a 

sample is ^^radually heated -fco the a;'.nGaling terpera-ture , 

l.?,rge grains are forued. llso when arnealing is dme a,t 

relatively lower temperatures, quicker ra.te of heat.'Mig is 

ri5 i 

fo '.nc' to be beneficial . ro produce ei stee3- vrit.: given 
g:. ain size £ind vd-th a desired grcdn orientation, it is 
..'ecessary to limit the rate of iioading for temperature 

anneeiing to 30° C/hr . 

Ccolin._; of the sheets subsequent to a...nceiling should 
be do- e at a rate slow enough -iOt to iiidr.ce ai.y residual 


t h 81 mal s i.; less. 


(i..i) A.ineal.jn^ At-io spnere : 

annealing is caiviad out' in a protective atmosphere 

to cvvoid oxidation of t..e surface. Ine annealing atmosphere 

generally employed in a sheet will is cracked a. monia or 

cracked coke oven gas winch is wealily reducing. It cciita.ins 

ajout 10 pet. ver 3 ^ little ox 3 rgen a.nd mostly Jiitrogen. 

file effect of other annealing at o spheres such a,s 1. drog;en, 

flp'- 

nitrogen and vacuum have been discussed in lit erature 

I'able 1.2 gives ‘tne eff-.ct of annealing atmosphere on carbon 

. [I7j 
concenr'- 
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fa, ole 1,2. 

Iff ect p.f _xainp:nin£; __At mp_splie_r e 
content in *d'i;:ferent Si-Stoe'l 

on C-arhon 
grades 




U dTcld 6 

of 

bf 6 6-1 

IreatneL.t 

pet. 0 (ui 

fon-sili con 

Ij.i- shear ed 

0. c8 


lT?.tropen annealed 

u * 0 6 


dec •' r hurl za t io n hni e ol ed 

0.02 


As- sheared 

0.05 

ur-3o0 

i t r 0 g en ..Ain e ofL ed 

u . u3 


ne— c ar b ur i zat io n .cam e cQ. e d 

U.02 


AS™ shear ed 

0.C5 

Cr-360 

hi t r 0 g en ann e al e d 

O 

• 

o 


hec.aroia''i zation anneal ed 

0.02 


1.2.3 .fe'S.i.nsi ze a nd G-r aan - o rl out <:> t io ii 

Tb.e effect of : 0 ..ain size a,nd ox'ieiito-tion on tiie 
properties of electrical steel lias oeen stiidied extensively. 
Coercive force aiid liji^.steresis losses decrease idtix increasing 
grain size. as tlie grain size increases in tlie textured 
steel, hysteresis loss decreases wnile the magnetic permee/oi 
and magnetic-induction increases 
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( i ) jJ f f oct G-rain ..siz e : 

Tl.'. e 1 Cl c ’’c tl t £ r ain size lia s an i inp o r t a nt e z f e c u on t ii e 
liiagnetic properties of electrical £.rade sneots, lias lon£ 

r 10 18 i 

since oeen kaown*- ’ liie eifect oa orain size lor a 

r 2 I 

given carbon content can be erp reseed as^ 

Ifn = 100 V-iSTI-I brain size" 

■'.iiOi 0 Vlli = iipsteresis loss 


k.e degi'ee of preferred orientation cnid na^netic 
inductaxice increase \;itn t.„o coarsening of tlie grains, a 
considerable deterioration both of tlie nagnetic induction 
c,nd of 'the specific losses is observed vhen the grains are 


siialler. Belter 
growth and the to 
the coc.rser its g 


steel structure is obtained 


r'oure of tlj.e finished sdieet 

[16J 


rain ' 


during grain 
is riore perfect 


In a, coarse grained steel, hysteresis loss decreo.ses 


due to decrease of coercive force and also 


duo to a 


3. ore 


fe.vourablo t em'cure , eil though the eddy current loss increises. 

F19 j 

fhere is therefore an optimum gra.in sis© for which eddy- 

current loss in electrical steels would be mini;num. 


(ii)i 


.‘feet of Grain Oriontation: 


A rapid progress has ,->een brougnt about b’^ the develop- 
grain oriented steel. 'flh.8 has been achieved by 


I'j-'ent of 
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recuciiiji tlie liycteresis loss on the folloxfin.^ principle. 

Iron is easily na£|,neti sed in certd.in cin^sta-llo^rapliic 
directions. Ibr example it is found that along [oOlj diraotion 
the nignetizerbion is easiest, nhile it is uo et difficult to 
■ii'prietise along [lllj direction. [Ollj is found to hu 

iyj.terraedj.ate. It ..a.a teen discovered that hy controlling the 
rolling process, it is possible to nave the (llo)[001j torture 
developed in silicon steals. iiie ^rcvin oriented electricu-l 


[IJ 


fig. 1.8 shorrs the 


steel is a... i‘.^^,reoate of i^rchns of (llu)[oUlj orientation, 
hroater the degree of grain orionts-tion, i. e. , nore grains 
assume an orientation close to the ideal (110)[wGlJ, the 
better is the ix:.gnetic property^ 
effect of gr-'.in direction on shape of hysteresis loop for a 
medium silicon steel. On e,n avenag the 3-osses at right 
eui^lcs to the ^rain are edjout 14 pct. higher than ■; ..a.t for 
the parallel direction, 'fh.e losses at a.n aivgle of 45"^ uitii 
the diroction or' rolling are about 6 pct. higher than for 


parallel- grain samples. l'I.'.e pcrmoaoility of tne 
grain material is about 75 pot. of th .t of tj.ie pa 
steel .'.or all inductions. 


p or p endi cular' 
rail el grain 


1 . ?! . 4 hf f ec;^. p,f ge clign jngah^ 


-r o o c 


jHectilCfc-l .^z-ade .sheet is 
straii.s both elastic and pl..stic. 


subjected to a variety of 
In goner r.l, these strains 
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have a doleto'trins effect on magnetic properties. Improper 
a;anealing cam result in. a bent or wavy sheet which viien a-ssem- 
hled as laminated m=-guetic core ccmi get stresight ened out 
producing loth elastic cUid pl^-stic strains. Since there is 
a bending effect, the strains am e. both compressive and 
tensile in nature. In tlie process of iDunching, the edges of 
the sheets are strained beyond the elastic li.mit , producing 
p...riiianent straiiis. luring annealing process those mechanical 
strains are relieved. temperature of 450° C is sufficient 


to relc'.se the punchiii.;; sti-Uins onli?' paitiallj?', but a tempera- 
ture of 750° 0 not o.ly elii.\i.uatcs them entirely’’ out result® 


a .-lo.terial superior to the unpuncLed s.ieet^ 


1.2.5 I ff e ct of hffjng : 

In elect;.- ics.l groide sreels, ooth silico:.j. cUid. non- 
si-licon .^eari;ag types, a slow deterioration oxten tames prace 
in the ra'ugnetic properties like core los.-, permeability and 
coercive force after the mate, ia.l has been asinexiled. I'oom 

to-'perature it take fimom a few months to a few years for 

t..e chai..ges to become pos’cep-tible and sioUifi cant. j.rc a 
slightly eleva-ted temperature, however, tiio rate of deteri- 
ora,tion can oecome &. cause of concern, ibis phenomenon is 
.mown as magnetic aging. 
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ii;i£;,nc;xic agings is coarjidered to oe Cc.usod priiuarily 

iy carbon caid, or odtrogen, wlien present in tlie steel in 

o-Lioiontf! esceec'ing dieir solid solubility limits -at room— 

te ■•por'.atiire. In tie anui'o.ctxire of electrical ^rade steels, 

tlie rate of coolin^ after a.i-neoLling is not siilficiently slow 

eiiougLi IlOjI' tiie encess im^-u.rity (c and 1) atoms to precipitate 

during trie coolin^ process* its a result, tiie 3 / jir ecijjits.te 

out ;as a fine dispersoid of c._.roides a^id nitrides later 

1 

wiien -'une material is pure into serTice*- Iliese precipitates 
interfere ^.dtii the metion of domain Trails resulting in the 
phenomenon of mr-gnetic aging. 


i • b XU-; Ci y s talli Rat ion and ,/■^.aiI^£g3PT^3tJp,_i,n_.!iU.^^ 

It has bo-ni estab.-liohcd^^^ that by making pro;.->er 


adTC.n trine of _..'heiiGi.ien''n cf rccr 3 ?'stal-,i 2 atioii, it is osai de 


!.uce electricl grade steel sheet rs v-itli incie-ased g..ain 


sise. 'Ihe fact that, aith increasing ^yair-aise , the core- 


loss 'value tails off consrdera il_' n-— s long si— c-.- .. een 


es'l'.plisxiec- . ihus a very important 


1'. nro-T-oment in the electric 


grade steel sheets is possible. 


It h'.s been reported b-y several aut..iOr; 


,,b21-22j 


:BTQ eaids a critical level of cold— defoi’i'!- -tic ii .xOi* hign- 


silicon elect ica.1 steels for wnicl:. the rain- 


.^e of the 


steel xnc.. eases many fold after a±inea.lin^. 
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b-..urly 01 eCx7siallii;a,iion iiid yra^iii-^ro wtli of hi^i- 
ijilicon .,ie'lG a± present CcXi jo dii f eaiiu.t ad ixito two 
t^Ves ciG \±) recrysta-Lli2,atiOii and nonnal ain growth, 

and (ii) secondary r ecryotalliaation and aunormal gra^in 
gro\rbh. 'ill ere exists a critL co.l lea el of cold, defo relation 
for i)ri:iary reciy' ateiliaation to occur xrlii cii I’esults i;. a 
la,, gel* grain size. On idglier percentage of cold-work and high- 
taaperature of annoalin;^,, few y.rains grow preferentially ovei’ 

tne ...'atrix graixis in a partici'la-r orientation tei'ture in 

r. T [23 > 24 , 25 , 25 j 

cr.so of a second. \ry recrysrallizc/iaon » 

'fiiG critical level of defornation depends on several 

factors like composition and puiity of steel, oii.oinal 


srructure, conditions of d.efor '...tion and annealin..^, iiie 
critical level of deforjaation^ ^ for a traxisformer steel 
is reported to oe within 4 t 8 pet. hith increo.se ixi silicon 
content., the mjaximum growth of 'liie groolns is o'btained at 
reductions. 


„ii3. l.S sho^.’s txie eil ect of amount of reduction on 
n-.g.n3tic properties and grain-size of tremsforner sheet, 
rtith increasing silicon content the tendency towards coarse- 
grain ror-itation weakens. In siieets suh;} acted to critical 
reduction, ihe total spt;cific losses are dicreased considerably 
and the nio.gnetic induction in strong field is lowered. 



?4 



ftg* Bffeot of Sk^tint of reduction on magnet io 

proportloo end gr&in aiae of transformer 

sheet f^Bi laboratory (A) and plant (B) 

data^^^-*. 
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Ciitica.1 cold~cleiorEia,'bioii i-:'t clifvci’sja'b tenpGra'bu.res have 
pra-cticallv ideiitica-l e:Cfect;j, 

2.13 ci‘itic3i,l redactioa does not ..-.ffect th$ recry- 
s tadLli z3.t io n G uLlIir S 0 a? ui,jL0 so 'ai-’O py ox jilGG GXi C ^ 0 -^ Op OX G XO 3 • 

f pi • 

Its effect is due purely to ch.a.n£,e of ^rain size'-'^ 

..iimoc.liiig; at differei.t tenperateiros a-itnout any 
defor ■■tion causes no pcnticular cli.an 5 ,e in ._,rai.v-si ze. iCne 
y.. ain ..■ecoiaes fir si’ ‘i/ith in c.. ee singly heiivier reductions, 
tor: e op one! in ply the core-loss (Turct lo ^s) value increases 
Pith the inci e:- sing iD ere ents-ge reduction oeyoncl the critical 
v?-iue. On Sihnealing ahove 'die cold ■'.vorling exerts 

prc.ctic-J..:.y no influence on the 'watt-loss values, rig. 1.10 
shows tne watt-luss v>-<.riation '.itn percentage of cold-reduction 
a.nd aniiec-li-ig t eap eratur e ^ . 

'Hie internai-streins developed due to cold- work in 
case of a polycrystalline material can he considered iso- 
tropic. The groifth of grains is independent of the 
direction of cold-rolling dui'ing pri lary recry stalliz -tion. 

In a cold-purked Ekitrix, the grainri of lower-:, eoidueJ. strain 
energy grow prefer entiallji^ hy consuming grains of higher 


r 1 sidual s train^ » 2o j ^ 


'Iheoreticed.l}’’ it is poc^-iole to attain a spcci. :en 
which is a single ciystal as it world have the lowest possible 
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internal e:ieT{^r. Jc.t , noriijra jcrain-growtli is very uucii 

restricted due to presence of iu_/urities. ilie impurities 

Inni oi c ain^-^^i o \'i oil ly in o e-u ac oin^ r*n tir cixe jprain oounc-ari es 

I p C' i 

at lower porcsixtaj^e of cold-reduction^ 


1.4 ni fect of Gxaeiin cal Co_ati n,':;' o n rla ffl . eti c. -c'ro';:) er ti e s 

He mc-^netic properties of electrical grade steols 
are improved by annealing at lii^i te3'''.per2.tur8S i7b-icli causes 
structural ebanpes depending on tie teng)erature ar^d clio-nical 
ciia^iges occuring in an 3 '’ par-ticular annealing .atncspliere. 
lire best atmcspliei'e for such an annec-ling treatBient is a Ixigh 
vacuum or pure hj^-drogen^"^ •'. In ixidustrial situations, 
decar jurization is li-nited due to tire Inck of penetration 
of liydrogen inside tire pacled bieets, wLerea.s in case of 
vacuum annealing tliere is xxot enougfi ez^^gen for coaielete 
deC' n^burization. I'o overcome tlie above difficulties in 
gettin..., the im jrovenent in the magnetic properties in 
electricr.l steels, it is desirable to give a thin cnerdcally- 


a,crive coaxing on me sneer or s'crip prior xo annealing. 


1 . 4.1 Cliarac t e ri sti es p f_ , tjr e. _CliemiCcrl . 3 ^ 0 aetinv^s 

fhe clxemical coatings are chosen on the basis of the 
f 0 Ho wi ng charac t eri s ti c s . 
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i) 


Lie slioulcl lOe easily deposited on the 


• st Bnnxace 


oaicl should pronote de carburization, do-grassing and 
grain growth of steel an.d at the sonetiae prevent 
i t D 0 xi de. t ion . 

ii) It Sxiould prevent Ox.eets stichin^ together during 
aunealing at high temperatures, 
iii) It should leave on the Siieet, a tiiin protective 
surface film, having g'ood corosion resistance, 


electrical insulation and a high space factor. 


iv) 


It should improve the riagnetic properties of stool. 


The use of ciierlcally active coatin. 5 ;s to get high 
electrical insulating property is particularly important is 
t.i.3 production o;':‘ ver;?" •Idiin electrical sheets. 


1 . 4- . 2 liJh:' e_r ejat_ t v_p__^s^ pf_ Oh e.^c_al Co ati ngs 

I'he different chemical coatings in-ich iiave been 
ti'icd can ,^e classified into iour categories. 

a) CheniicalZ.y neutral c:-..d melting point coatings 

applied to prevent stiching or welding, Ihese include 
cone entreated talc, finely divided magnesia, alumina, silica, 
lime etc. 

h) Chemically active coo.tings having comparatively loer 
dissocio-tion temperatures Wxiich aro suitable for decarburizing, 

I 
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removing sulphur and other ha-riaful inpur-ities. miong t„ose 
that have heeii investigated Irv Vc’n'’ious xrorkers^^'^' ■’ are iron 
oxides, iDotas&iuin rj.tir.te, caJ.ciuin anad rnigneciuo. caroone^tss. 
Agueous DCdium hj’droioide or phosphoric acid viitii additions 
Ox sodiuDi, pota.ssiom, calcium, and Dca’ium nitrates, are 
sore of the :';ota.jle alkaline a.nd non-'O-lhaline oxicle- 
co a. tings. 

c) Coatings wliicli are a mixture of tx-e first and second 


OUpB. 

d) organic and s auior^o-nic coa,tings xrhicn induce 
comprerasive strains on the sLioet surface and there hy a-educe 

bcxlY cui.'*r Oii'u i-osG. 


The aeiiiealing of tranisfoz’mer grade 
coated xd.th a mixture of mgnesia, alumina 


steel sheets 
and iron- oxides 


in i-ure hydrogen at:.x0S.,.her8 lowers the psrcentj-.ges of 
and sulphuo ’bo levels a.s lo\y as O.Oup pet., coarsens 
grains, raises the magnetic p 8 .riies.l 3 ility and luxreis t 
hysteresis loso^^^'^. It has been suggested that the 
of oiygen in the coating should not oe mors than O.uO 
of toxe vreigit of the anneo-led siieet. 


' car bo n 

the 

L’.e 

amount 

vJ i/ • 


liiocniioilc acid, an a.cueous solution of ma^gnesia, a 
■ ixture of the silico.tes or oxides of alumina end magnesium 
xfith 3-dditions of some binders have also been tried* 
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jILecoroc spo .-.ition :.r-;ing soli^.tion of colloic'al silica, in 
a.cet.'.ne nnd even pludn^p-on of tissue pamper leve been atte.jpted 
■sue c 0 30 f uilp- ^ ^ . 

lOodium ca.roonnoe iuonoxiycdate , bariun^ ca.i.cium aiad 
nap^nesiuoi carbonates nave ocon tried as cnenically active 
coa.tinp,s. fliey dissoemte i-hen Leaited to 30^-1000*^0 irith 
t...L3 liberaition of carbon dioicide, projvoting tne deem-buri zation 

0 II ’bl'JlllSX 01’ ill GP S-168'G* 

0 

bb.en tl:o teuperatrra is raised to 1150-1200 C in a 
vacaum or liydrogon atno spliere , tie c.nides get rediiced to tOie 
iia-rtnllic state, Tlie uetal tlien vapo'ai’ises sn.d acts aio pot.^erfol 
■,as Gcr.venge3.'’s. 'io ps’cvent tne s-iect cr strip xrc-! ueld..ng 

togetlier, t/.iose substances were ;.iixed ’v.d.tli n..gnesia. fne 
susnensiens us'd V/'ci’e water, lu pet. cau.s’uic soun aJ-conol, 

duen weak solutions of potash is used, no s’Uoty Sj^ots were 

, . , . - . [50 j 

fonn.ed •-■.nd drying riine is coi'ip-...raiive-^y snoner 


1.4-3 Dejoanniul za t_io n..p f_ .noliPf = 

iier.oval of carjon from the electrical snests d'aring 
annealing i .3 reconxended as it is luiaconcmical to procnice 
steel 'u'it.. ex:tra low c^.rooii content oy conveirfeLonal metnods, 
!E.i8 carbon ccncentii- Jion at tne me xal/ scale in'coriaci 
is constant \.i.e. in eci’ailioriura id in the onic.e scale). 'Ihe 
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scc-’.ling Tcote ceii be varied by cliangiri;^- 
piiere wliicii in turn controls the depth 


cn e annoali a mo 

of d scar bur-izeit ion. 


he carburization Ccun also occur in atiiiy 
do not produce scaling. bucli decarburization 


s.uieres i.uiicn 


reactions 


'olloxas: 


Ire 

+ do 2 ( -.j ) 

= I'eO -1- 00 (g 

— 1 

o 

1 — 1 

+ ho 2 (g) 

= 200 (g) 

[Oj 

+ i'eO 

= j?e + Co ( g ) 

LCij 

+ 2H2<^ 

= OE (g) 


It is evident that tl^e rate of do carburize, tion in •'dhe 


above case is controlled by the (10/ (X)^ ratio. 


' Tne ra.te of decarbtirization depends on the stable 
^hi.ase cf steel ei'.ioting art tne pr ev.o.iling aiuoealing teraper ature. 
o., .en the steel is in the ferritic state the diffusion of 
cc-.rbon is veip^ slow due to the veiy low solubilitj'" of cai'bon 
in ferrite.' In the austenite pha-se, the decarbuiizo.tion is 
no-ch faster due to the greater mobile intei’stitial c,arbon. 

bill con forids fay^ite (Iron silicate) trith the irn-n- 


oxide in tl\e .scc.le. i'his reduces tne scaling rate. oilicon 

also increases the oictivLty of car.cn and therefore increases 

the tej.denc3;^ of c. r..on to diffuse out to the metal/sceie 

i;nterface. The net effect of 

I "5 ' j *54 j 

decar'buriza.tion^-'^"^''^ . 


silicon is thus to increase 
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I • i? S. co~;De ,p;f 2repent ^kjZfU.: 


Ir 'll- silicon alloy oi T.:n-ijais pi’t-dcs constitute "uhe 
most ol tae nateric,! used, in poi/er electrical c.pparatus lane 
lia: 'SformerSj, ieneratcrs, notors and dyna,.nos. Eie perforneuice 
and eiliciencY of ttese e'...uip:ner ts are controlled ly tlie 
deoipn and tie pua3.it7 of tie ..alioricl- used, n conoideralle 
amount of cjloctric-:..! energy is lost due to tlie ©uiploynent tne 
natci’ic'-l of poor duality la icli could lia.Ya ooen otlierwise 
saved by tiie use of improved uuali'qj,' iiaterial. 

l.-'3 entire r'an^e of silicon electricail steel can oe 
broadly clascified into transfornsr- tirade wiiere silicon is 
generally hi, peer than 3 pct. and d^mano-yrade usinn loxier 
silicon perce.nta,£:es up to 3 pct. 


lactors affectiny the electrical 


ano n-ignexic prepems! 


ire mostly chemical comnocition end the finishi.ny treat_ient 


of tile steel. It is I'crnier a costlj^ and difficult pi'oposition 
to i.chieve vevy low levels of residual im.’urities at the 
steel jiw.'-.inp stage. Considerable interest 'ac-s been snomi 
in the devolopme_.t of electrical grade etools, for transfcriaers 


hoWGV.ir little wcrl: has been reported in hie c..se of 

dmna/Ao grade steel. It i/as considered that some of the 
teclin;huer; used^in imp" oving the electrical properties of 
transiormer grade steels, such as recr ,- stall! imition-gro.in growtJ 
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and tile ajpxilication of ciieiiically active coatings piior to 
annealing, coiild also Toe applied to dynamo grade oteels. 


vJitii this in view the present investigation covers the 
development of property improvements of 3^'0~!S3.’3-d3 silicon- 
steel sheets in two paits viz trrough the critical cold 
redaction followed hy annealing ai^d also through the eyjpli 


c<..tion of chemica.lly a,ctive coating over the sheet surf^.ci 
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II 

—j^X I x-jXi iuOC'^'iJO-Ei.j^ 

XX « 1 LiX4,0. ^2pc^I.'3/G iO 21 

IX . 1 . 1 jel. Bction 

Sot roXled 3C0 rri'.de silicon- btd si slissts u&sd Xor 
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is given in lig. 2,1. 



35 


bteel-Iii^ot 

Itolled in 4D"b±ooming mill 

' i 

J-s-olled in 32'’iiill -.nd 24'' continuoue 
nill to siioet oa^rs (width..-- 305 oa) 

i 

S!.'eet ban's cold sn earned to cut 3a.rG 
(S52.5 an long) 

-0 

i.ea-jed ixi na.r iurnace to 0 

4 - 

xLclled in 3-i'ii'iii xxou^xiing nill 

hieatod in pacns of 2 to 4 in continuous furnace 
ac lOoO ' 0 1 


I'hiclness reduced in tlie 2-iiijpi finishing- 
mill and then 'jacls opened. 

Opened sneeto Sugnin folded for douoling 
and po.chs a.re j. eated in a. continuous 

Paci: furn.'..ce to 100C'“ 0/1050 


lolled in the finiGhi-':g mill to the 
final section thickness. 


i'ri'iiii-iod to the order siae. 


I'ig. 2.1 Procossing of 500 - grade silicon- steel 
f-j-'-cm ingot stage to trimiaed sheets 
stage. 



II . 1 . 2 Cold-llecuction 


briects oi 1.0 hei tiiiclcasss irere sel.-C'fc 3 d for "tiie 


btud^' of effect of c-^ld-rolliiii^. initially 


'Giie oi'^yer 


S-.i-:ets were s.j.eared into sioaller sizes of 55^ 2C 160 icn 
diiiensions. 'Alia sizs \f3.3 dictated "by tlie limitations of 
txie laloratoxy rollin.^ iiill. naif of tlie siieets were cat 
jDc-jiailel Go cne rolling airecxioii anc. tne reriiaininy nalr i'-.n 
tne transverse direction. Tlie length cind widtli of eracli piece 
of sne..t3 irere nea-sured accinrate to 0.5 ron. T;ie sleet 
pieces irere tlien snoiected tv nominal cold reduction oi 
5 pct.> 10 pet. a.nd 20 pet, respectively . The enact cold 
reduction percentage was calculated frori Aie cl..a,ng‘e in Iciigth 
ctfter ccld-rolling asvUjaing t.'ie change in width to 'be 
negligible. 


% cold-reduction = — - — x 100 

Ai 

i X = ^2 )< ^2 


. . . (i; 


. . . (ii) 


whore, A^, ■l->2_ in ea of cross-section, and lengt 


espectively before rolling. 


and j, ^2 5 -1^2 cross-section and length 


respectively 


after’ rcllin 
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X' jTl- . - 0 LLci ui u n ( jLi } 

^2 
k] 


k 


on snostitntioii in eui. (i) 


^ culc-r o.".ucv.ioii zz lOO = (1 






colcVraducticn = (X — x ICi; 




L ~L 

2 1 ... ,, 


. . . (iii) 



jJll 

,0 p 

t.rC': 

X. J. U 

a;^s cold 

ref- 

,.ctic 

r.i ■ 

as e.djii 

•-.t 

cd "vri u..in 

+ 10 


X.- 1l 

tLc 

:io 

va' 

lu.e. 






1 3. * “ • p 

^31i 

,;0po-; 



X.n'oles 
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,0S J 
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suo aj e?:- 1 

of 

core-l'j 

S 3 

bj Epstein 

r.;r 4 ua..' e 

to:;: 

-U 

: L> \ 1 

' G.?0 

Sli 

c/'.red in 

a power 

Sll 0 

ar ♦ ±>3 

Cf: 

3 et 0 X 

sojaple;; 

: c:. 

no . - 

iuec 

1 i.- 

u J- 1 p k J 0 J- 

3Q5 

iTii :: 

30 

ixi sis 

n 

7 

iia.1 X 0 il 


'ini.xcL ’’.."ere ocit to tliy j. oliin^ dii’Gctiou and tiis 

©lioinini'., nc~lf cut p oroendicoXan to tno rolling cinecnion 
.,.ccordin;jj to lo : b4S~-lS65. In c,..&o oi 3-.C on tlXck slieets 
0 pieces were tc.ken (4 in 'Gne parallel ...nd 4 in tlie porneii- 
diculon- direction), vnile in co'se of C.5 nni tni cl:.- sleets , 

12 pieces ’irere t'.keii (6 in parallel, and 6 ir, per2)endicu.lar 
direction) in s.ll,; 
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I I. 1.4 PictliSl 

The o:.:ide lc-.3rer which was preoeni on the suinace of 
t;..e ocirple strips was xonoved cy pichlino 50 pet. dilure 
hydrochloric acid Tor aoout pu :-iiivat&a and a orii^iru sa^'xc<.ce 
■;7as ootaixied. ..fter pic-xlin^, the strips were txioiougnly 
scriiohed and washed in Viatel'. To preveirc rusting, ti-.e 
strips after washing, were immediately dipped in acetone and 
dried ouichly using a olowsr. The loss in weight .-fter 
Oici:iing xa-.s found to he hstween 2-4 pet. 


II . 1 . 5 pho,iTi..P ah„.Qp-^,t 


ror the study of cheincal coatings, sheets of a . po’ mm 
tniclness were selected as the effect of coatings oln.ei-ved 
is tetter d’ue to faster diffusion, xdien the tiiichnoss of 


o-xe Ox 


:eeto is low. 


L.ive diffsreat c-ie. leal oox-tingc wei-e 


invertlvated. laole II. 1 lives i.-eir ooujositax n ey >-=d.yit 
Psroaits. IxxL-tially tlie ir-diyidusl coi^p.omide oc;.iu-oituiiaii 

any CO ..tins were weighed separately nid then dry mixed in a 

, -1 r. Q-'- W'l'i'p'"' 't/.''' s t ' eix addiod co g.ib oiy xsixx 

no:. tar uncT pastel seu. uauCx o,..v.ix 

. . . h ^ -j- fill o u " 1 "CO iw e aii xmiroxm 

-gh ^et a suspension c.-xisis ixx.x*i> exiou^^.. o 

c'j., .tin^. to the pickled strips 'uhen dipped. 

uo._ted strips '..ere ^.nead oyer enamelled trays and 

dried in not air with the nelp of a Slower. Ilnal dr'lng 
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Ox tiie coated saxiples iras done ovex'-niplit in Oxi eloctric- 
ovo-'-i ;j e c a, b cl c oiiip G jTcv biix ' 0 cx -l5o u, iaoie xJ_“£:i ^xves tne 
appro'-Siinate veijiit of tlie cne. jLcal-coatinp ion Vc-nicus 
c.'.cated soi-iples. Oill tlie coated so-nples vere identified 
p;:;o;perly to .avoid any pogsilole roiz'-up diirinp subsoquent 
tres/'G ■■'.ents. 


x.ajle II. 1 oiippiipcvl^ opo.tinp^s and^ ;Gneii__ opEippjOij'bippi 


OQ c. 

nO . 

U O j-‘ (J il 3 x.iG o 

Goxipo oi CG-O n in 


coatixi.^ 

- 

1 


100 

2 

BaOOj + + KOti 

30 i 30 : 40 


Ota GO „ + + KOM 

30 ; 50 t 40 

A 

NaCi -1- M^O KOH 

50 . 50 : 40 

3 

+ M§<3i 

5o ; 50 


p C'C • 


a’jle II. 2 unt a of. ,Cc;.tin^s on b.i.li.cpn; .iii ^4/ 


Ocatinp 

X'O « 

Oe:L;.^,.at of cjj.tinp/ 
Dot of GOiaples in 
_ ,ai'is 

usi^jii'G oa CO: tanp 
i„ gji-s/Lcn uoter 

JBt<)ixk3 jl' 

1 

12-15 

55-7. 

*lo suited ill 
nusty spots. 

2 

5C:-35 
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II. 2 

1 1 . 2 . 1 ^ijg)orin ent cil _S elj 

xaixiealia^- of strip samples V3,s carried out in an 
ilLectric uubulcir furnace liea,ted ty silicon-c-.i.r‘oide resistors, 
'fe.-perrture of the furnace could oe controlled v^itliin 
+ 10 0. Different controlled atmospheres were used line 
hydrogen j nitrogen and vacuum. '.iiien eninealing in nitrogen 
cr h. ciogen, the 'a,s was purified hy passing it tnrough 
traps c -• taining fused cal cium- chloride for adsorption of 
lAoistui’e a.id alkaline pyrOoallol solution for the adsox’r'a-ou 
of omy^jen (O 2 ) c.n-bon dicnide ( 002 )* guantit^^ of 

gas Consuiiied was metered using a gas flow meter. v/hen 
aniiealing in vacuum, one end of the furnace tuts was sealed 
and the other end ":as connected to a rotaiy vacuura purn 
tlirougli vacuum pressure hose. Ihe order of vacuum aras 
vaonitored cv^ntinucusly using a thermo-couple ga.u-:e which could 
measiu'e vacuum up to 10 nico'ons. 

li,,,. 2.2 and lig. 2.3 s.:,ow the furnace set-up for 
euiueCvling in gas atmosphere and vacuum respectively, 

II . 2 . 2 iiir'.. eal i n g Oy cl e 

Ibr txLe saraples cold rolled, annealing t emp oratui’es , 
selected were 700°C, S0C.°C and %L}°0 respectively while for 
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Fig.2-4- Various annealing cycles. 

(annealing atmosphere - hydrogen) 
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tii 8 clienically coated sample Sj, temperatures used :rere 


300° Cj, 900 ° C and 1000° C respectively. Hippier annealing 


tcmpesatures in case 01 coated saraple-s iiere cliosen after 
consi'iering tie different docompositioii temperatures of tire 


c./,ting compounds. Soaking tir.e was maintained for 2 lours 


in all tire cases, i-ip. 2.4 gives tlie aimealing cjcle for 
anno'-ling li'T'drogen a-tmospncre for different temperatures. 


Vixen a rieo-liiig the coated .30.rL5jle3; these corres- 


ponding 


to nos. 1 . 2 and 3 were annealed in a .>-oup. oonples 


coated with co' 'tir-g nos. 4 and 5 xrere grouped together 
sep.rr'..t el:r during annealing while luicoated samples wore 
a...ne£ilod ind-vi dually. in c...se of vo.cuum annealing oi the 
*ja.' -.pies y cOi-'- c eo. mi co^- uin*^,s 5 ? i c Wc^s o oserve^c- t^j.a j 

sodium v;oL 3 getting deposited towan''ds the ends of the furnac! 
tube wall. ‘Jiliese deposits use.i to co.tcli fire due to 
e.roosure to the atmo spiiei'i c oioi stair during the ren.oval of 
the SciM.los from the furnace after annealing, I'nis created 
ami uriS.afo co....dition for xdiich tire e.-periments in vacuum 
could I'.ot :J e completed. 


II . 3 idea sur ement,. ^of hlectrica-l and_.na.mr e 'gic, hrog^i 

fhe electrical and ri-agnsric proper'sies ox cne aniiealeo 
id according to Ib i 649—1963. 


ample s were racc-.-euriic 
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± I . . 1 _Go r e— lo^ fa ^ i-ieasur eiaa *it 

Oore~los5 at a frecj,ueiicy of 5 '^ and 1 v.'e Jer/scj_, laete 
na-iietic induction, was measurede ■ in terns of l/atts/ks, 
visany on nns'ceiiv-square testing nacliine in tlie lietallurgical 
Division oi t^iO icita Iron and Steel Co. Ltd., Janoledpur. 
i’ne t eating iaacliine osaaitially usob the principle of a 
tronsfor'ier. 'liie Eaia.^.;lGS are inserted into t^.e slots of tie 
j/pr-itein-squa.re frane and are forned into a conplete magnetic 
circuit. 'He slots are inside coils which forn the pri^nn'y 
nd the secondony of Ci. tran.sf erner. ¥hen emrent at 
specified voltage (c.. Iculo.ted fr.jn the eight of tne sample) 
is anplied, the watt net or reads the power loss in watts 
i'-side the fraeie. His power -loss is then converted into 
wen'.-r los;-. per - of tie se-inple. iio* 2.5 shows the a-ssemhly 
of a Jiip fat ein- square testing nachine. 

I'ae core-loss values in case of cold-rolled samples 
were cor. ected for t.j.e uirference in sample tlh-clness w’ith 
tne xielp of xig. 2.6. This graph was plotted using t....G data 
o.vailahle in In: 648-1S70. 


II . 5 . 2 I rnrfcial Iiag ieti zat ion C urve 

'He sane samples used .for the core-loss neas'.n enents 
in the Epstein- square test were used for finding out tne 




ilg. 2.5. Assetably for core-loss measureinent 
according to Epstein- square method. 
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initial maj;neti 2 ;'ation c liar a.ctei is tics, Itie macijine used 
was iuliy's sim^olea periaea.'.eter. liiis is essen tidily a 
bsd-listic i^alvaiiOiuetsr sot-*up wliere tlie saiii^jles are clamped 
inside yolie naviii^ botii matsiieti sinj,- and sensiiio coils. 
j.or any cuirent in tl^e coil, ootii tlie ia£i._,netic field snd 
induction ai'e monitored from 'cLie deflection in the lamp and 
scale ar- anigement. i-ip. 2.7 is a photo yrapli of 'E-'lvj'o 
simplex pernieator set-up used in 'die present invcsti _,ation. 

The initial Mc'.pnotization curTe (indue tion, lij, in 
w1i/m vs. field, ii, in Imp. Itirns/netcr , ii/m) "^'as plott d from 
the de'jlv. ction v-alues. fhi raaxi.aum perneahilitjr ( P- ) was 
calculated by tamin', the field and corrected induction 
values (n, = g). -B at GUO field was also foundout from 

the nap,netizi.tioii curve. This J values at 80v. a/n field 
.'.Iso .rive some idea regarding the magnetizing cimracteris'fcics 
of the sheets. 

11*4 .Q..l'Lical, X -icroscop?/ 

11.4.1 camgl.e r repai -ation 

x-xiuer rile* elecrrical aiiO. msignccic cescs were com,_heuedj 
xiie strip from the ..addle of each set of samples was selected 
for the purpose of micro— structural examination, csamples 
for t/xe microscopic study wore cut (about 15 mm long) from 




ilg. 2.7. Faiiy^s Simplex permeameter assembly 
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the ceiitra.1 iJcrtion of each 


stria i-jere mounted on 


oaic eli G e ^ 
avail able 


so that all the three cross-sectional ple.nes vere 
for examination individually. 


1’. ■ e p o 2.1 shin-" o f 


the mounted samples '^ras done in the 


usuGil jm'.nner poinp,' t]-roup,h the steps cf initisi s,ia-:diag 
on iiiiser oelt, polisiiin-']; on vGX-ivms grades of emery pa.per, 
and final ieolisliing on whehl using lavigated alumina povfder 
o'f size 2 {am., htc.'iing of polished spoci.'.iens '.ias done 


r.sing' r pci .'.Vital solution. 


1 1 . 4 . 2 ifilh-. o;.rh,.;u_c ;b uipe 

opV-ical microscopic examina.tion of the various 
sample^ ¥.as done on 'Weo|iliot--21' ixotallogra.-h, I'.ypical 
pin. to..;iioro^,raphs of the different samples ali'ead 3 r enuiuerat ed. 
were tai:en at a .'.-xagnific.„tion of 10m, 


11.4.3 j- rainsi z e and Asnectratio heasurement 

In case of cold-rolled se.mples t.^e o-Terap e era.in 
aize aJ.ong tho throe perpendicular directions were rae.:-sured 
hy the :l.nto.rc 9 pt method. Tho aritfr^ -.tic uecn of the : varage 
P-ain sizes oioGag the three a-xes (from tne t--.ree sections) 


’iras represa -t od as the averoi-ge grain size 
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in aspect 


G.ir.tio in the r . llin-g-plane of t.lie rains was for_-c. cut oy 
t-aking the ratio of the OxVorage grain size nlo:n. and OxCross 
the rolling direction. 
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lii case of ciier-iicalljr coo.ted oamplss/ flie a.vei"ag‘s 
^i-ain size was a.lso ■ Loasiired '-.rj the intercept ;:.'istliod over 
-fclie section p argali e.l to tlie rolling plane. 


II . 5 ,Br I'utleiiess . l ost 


Brittleness of tie strips was deteimi:..ed op tlie 
nine or of reverse lends (from + S0° to - till si; ns of 

fracture cujp eared as por Indian ofandard Ib; 64S'-1SS3. 

.1 a-BuctiloJiiet ar (I'ig, 2.S) was used for tnis purpose. 
diiDToles of 10 mn -vadth and lUO xxji lengtli cut from tlie strips 
parallel to the direction of rolling us id for tlii-s testing. 


II . 6 Clipmi cal__faialprs^^^ 

« 

After Si,ll tiio te-its were conducted, drillings from 
‘Lii'ie jjp sr orn— sguar e samples v/ere ta^_en ror Cii'CL-iical. anaj-ysrs. 
.ulements life Si, Wn, S, P K'ere determined using iret-metliod 
of analysis and Co-rbon was determined ‘by com’yucticu method 
using 'sterling apparatus'. 
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lie:. 2.8. a-Ductilometer set-up. 
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Ill 




Part I 


P,p_1cVj{p. 4^ ®A -PP-A. epA ©A AiAiAOivA-ce. ©A_4\ieAp; 


!;il.l idcx'oatiucture 


iig. 5.1 s’xovs tie raicro structure of as aot-rolled 
riliGets. .oloiv.-.ated ferrite £;raias are cleea-ly visible wlrlch 
indicate tliat' tuo it; eci'.'sta.llization urrin^ lot-rolling' was 
incomplete. 

±'i^. 5.2 tiiic'Uii 'lie micro struct lu-e of steels cold 
worked to various extents c^nd annealed in lydrogen at 
t enpereitur es of Tcu'^O, 80 lAo and SOO^C reopectivel 5 ^. file 
grains of 10 pet. cold-worl.ed sheets are le-rger than any 
ot.'j.er cold worked samxiles o-fter annealinip at any temperc-ture. 

3.5 raid iii;. 3.4 slow the micro structure of 
steels cold-worked and ameoied at 800°C in v.icuum and 
nitropon a/kiospiiere respectively. fie grains are larger at 
10 pel cold-reduction as obsei'ved in case of hja.ropen 


mos-nere. 


Pig. 3.5 shows the micro structure of steels cold- 

c ■> 

xror.ied and annealed in hydrogen atmospxiere at 3u0 0. ftie 
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(i) in the plane parallel to the 
rolling direction and per- 
pendicular to the rolling- 
plane (1.0 mm thick sheet). 



lig. 3.1 i-iicro structure of as received 300 grade 
silicon-steel sheet (,As hot rolled). 
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Oold-redn. 0 pet. 


Cold-rodn. 5 pet. 



Cold-rudn. 10 pet. Cold-redn. 20 pet. 


3.2. Mere structures of annealod 300 grade silicon-steel 
sheet after different cold reductions. 

(iO-l in a plane parallel to rolling plane) X 100 

(a) Annealed at 700° C for 2 hrs, in hydrogen. 
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Jig. 5.2 (Gontd.) 




(ill in a plane parallel to rolling plane) X 100 
(b) iinnealed at SOO'^O ior 2 hours in hydrogen 



lis. 3.2 (Contd. ) 























' Mi} 




./ ' 

il^ 


V'-v 


.■■£, 







Oold“redn. 0 pet. 


Cold-redn. 5 pet. 





Gold-redn. 10 pet. ' 'Cold~redn. 20 pet. 


SM- 


s/ :-.. ./ ■ '\ ; 

/'V'A '■■,•, 


vy^:ci •.(A'A 

■;. '•P" !t U, 

. ( ■ X /n’*' 



(ill in a plane parallel to rolling plane) 1 100 
(e) innealed at 900^'' 0 for 2 hours in hydrogen 
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Oold~redh. 0 pet. 


Cold-redn. 5 pet. 














Oold-redn , 




to* 


3 . 3 


10 pet, ^ Cold-redn. 

. laciostmctures of 30o ^iv.do 


21' pet. 


bill e on- yt eel 


cold worked and annealed at 8O0'^C for 
2 hours in nitrogen ataospixere. (In a x-*lane 
poiallel to rolling plane) llwO. 
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Oold-redn. lu pet. 

P^L.O', 5 • 4- » lii oi'o S oi'i-ic i/U.iu’ gTj ex 5'-'8 


,-rodn.' 2U pet. 


:-ado sill eon- at eel 


cold wor-.ed and annealed at ^ ^ . 

2 liours in vac am Un a piano paialxol 

r .lling plane) 1 lou. 






Oold-redn. lo ijcu. ?0 ct. 


3 . 5 . Nicrost:i:\\ct!iroB o ’-aA^ -;r;ulo ;;1 .1 ,1 

cold wor'vod -’i -ia.\e.di?tl ot j ;\'t* 

2 1lou?‘b in liyri i-o,;;oa a.l^iospiu.'j'o. 

(In a plane perpendicular to ro'J.lin^ ir-,..,- 
but pivrallel to eoliln^; dj/ ‘c*ct > c.. ) >•. ii <, , 



micro- scubion is ia a plane perpendicular to the rollin,p 
p.'.ano coi.iu in a dii’cccion parallel to the ivllin^;^ direction. 
i,iiO i'.') b.. uc CUT' e CO iis ci tu'o c s oi elonga/ted grains, 

X,..; MLcrosti'uctui’e in all the above cases is ferritic 
wit:..' dx i.'x.i ''.c'G px’ain bornc'.o,rieo, Eiere w3,o no detect-able 
■ j '.'ecipi bf. oioii Ox Cvaroides w.aen examined even at a map.nifj. c.'tion 
ClL lx 0 . 0 . 


Ill . h &xv:,ipi jb_i ze 

..■i,t. 5..S shows the vai’iation of average grain .bize 
with. . 1 .' !bPv:.:Cb to diifareiit levels of cold 'iroxinLng for differ v.nt 
t ernio';, x/bv.i‘os and at.io sp'ieres of . .nnsaling. lor any annealing 
o.t'.'oF! •'ho'i. e the c ritico.l cold-r eduction is 10 pet. for which 
■b’'.o .g''"'.!'.' hiho of t-'i.e ste::! is nai'-iimn. .Jith tie increase 
i:i.;. ci..'l(.!. redu.o-bion upto 20 ..^cb. ti.'.o -goain size fa,lls down* 
iho ,,.,'ai.i Khl.ze ijitn respocb to cnnioalin^ temperature va.riatioii 
Sx,iows tixe dOwCxUdi;.!^, order of grain size lu the- order 
,;uO — > 70o — ^ 9x'0'^C xor any annealing atmosphere or cold- reduct ion 
U:-', tn.j whole to.o i_,rai}:j. coarsening is :.io,ximum in case of 
v.-,ci:um ..nnoalinu as compared to the other annealing atr.'o spheres 
si.ich .'.0 h^.'drogon and nitrogen. 

i’he ji .jiitudoG of grain-size of the sheets whore 
cold v..'or.:-iyv;' ’..as done in parallel and pexpciydicular to the 
hot-x'olliii •; directions are approxi:;n',tel3'‘ similar", ■■.■i _. 3-7 
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fig. 3.6. AYtrag* grain»aiz« variation of 300 grad# Si-atael 
oold workad and annaalad in various atmoaphsraa. 

(A) Oold- rolling parallsl to hot rolling diraction 

(B) Cold-rolling parpandicular to hot-roiling 
direction. 


Cold rolling p<Erpcn- Cold rolling parallel 
dicular to the hot to the original 

rolling direction hot rolling 



Average. grain size. 
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ftbirv/B t.io v.ir.Lx-LiOxi ox: grain oize xa-ii, ros^^ect to imnealiiig 
xoiJipviv. ourc and a 0.610 sj.;iere x'cr any particular percentage 

0 .JL coIlcl"*!. .^Ci Lic I'lLuii* 


ill. 3 Gi:;ai;r>_..a spec t--xxta^^ 

■'•■io* 3 *a ynows the vai'ioxbion of grain aspect-ratio 
o'Z cold \.'C'r:a3d sxieets, ’(v.,.ie3i raeo.sured xilono, the cold rolling 
plane. 'i'.'ii.i variation ua.c determined in both cx..ses of 
ool.u 4. O' I..C uio.. i, 0,. f ~ er jie .dj. cirli.',r to or' par.alle3. to j^ot— 
ro-'-ii ng dr r ecrj on. I::; case of h^^’drogan and nitrogen atmosphere 
aim 00.1 in t,ivo aspect ra.tio of grains for any level of cold 
worJi d I Cx'c '‘.oo:.? in the order l-dO-^StO — ? 7do^0y whereas in 
c ISO 0:';' v..a;; I'luai 0, mealing tim.s t-.-ond is -.10 1 co-xsistent. 
iln:/ i ..ic,'. cane in the loval of cold reduction ixicreases the 
asipoct - ' '-io 0 " th.e grains. Aspect ratio of gi's-ins when 
sub;j';cted to cold rednotio: i porpendiculr.r to hot rolling 
c'iroctio 1 I'.ppxO-.ches a value of unit much iaster anj conpared 
iaiiv').'; aao joctod to cold-mduction parallel to tne hot- 
-u ollm^j c. r x'o 0 xaon. 


all . 4 ac' 1' 0'*lo 

i'i,,. 3,9 allows the measured cors-loGS varis-tion for 
cold-U',a'i.ed siliccn-stedo annen.lcd at various temperatures 
a.,.,d. in di,.:fc.r(mt atmospheres. Iho core loss for anj^ cold worh 
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Fif. 5.8. Oraln aspect ratio® of 500 grade Si-steel 

Cold-rolled and annealed in irarioue ati&ospheres. 

(A) Cold-rolling parallel to hot-rolling 
direction. 

(B) Cold-rolling perpendicular to hot-rolling 
(micro-section perpendicular to rolling 

plane and parallel to rolling direction). 


Cold reduction Cold reduction parallel 

perpendicular to to hot rolling 

hot roiling direction direction 







Etfectiv® core loss.W/kg 



°/o cold reduction 


Pig. 3.10, Effective core loss of 300 grade eilloon-steel 
cold worked and annealed in different ataos* 
phere a 'ipriBHSBK . 


Nitrogen Vacuum Hydrogen 


japuu bs/qM’ Q 'uoipnpui DipuDD;^ 









0 5 10 20 0 5 10 20 0 5 10 20 


®/e cold reduction 

fiM 0 3. 12* Maximum p#rm ©ability of 300 gradt ®iliooa-8t©«l attar 
v&rj&tts oold-rolling aad annaallag traataiant®. 


Nitrogen Vacuum Hydrogen 
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anneaJ-ing temperatures aad atiao spheres. p,, _ in nitrogen 
ataiosplier e is poorer than h^'clrogen or vacuum except in ci.se 
cf 7t’0 0 annea-l-ingp where the pcrmenhility is higher. At 
700°C annealing the core-losc-is more or less independent 


01 annealing atmosphere, xAiereas the is highest in case 

iUCl-X 


Ox nitrogen annealing. Vacuum a-nnealing gives best u 


ma:: 


values at 000°0 for samples cold-rolled to 0 pet. and 20 pet. 
respectively. 


I i 1 . 5 . P h a;hietic In ductio n ar c 8U 0 n/a ; 


xig. 3*15 shews the ma-gnetic 
fi old of 80 o (where the slope of 

curve changes 8 .'oruptly) for sample, - 
atmospheres and at dij.feront tempera, 
at SOe xi/m follows the sane trend as 
p orm eabili 1 3 ^ p3.o t ( A g. 3 . 12 ), 


induction at a ms-gnetic 
the initial ma;jn 3 tization 
annealed in v.arioiis 
trr’es. Lagnetic induction 
in the c:.se of maximum 


I II . 6 hrittleness 


I'ig. 3*14 shovjs ti: e variation of '.jrittleness of 


Sil CiG G S 


in terms of nuraher of reverse bends ''.rith annealing 


temperature and atmosphere for diff,.;r 3 nt levels of cold 
reduction. xlesults fo3-low a similar tre;..i.d as in the case 
of maai.nua norme.,.'dlity noi/est imaber of reverse 

oei'.ds is obriined in c..,se ox samples annealed in nitrogen 
at.iio b jPh er e at 9 O 0 i ° 0 . 



Induction, B .Wb/ sq. meter, at 600 A/M 
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I/AC U-um . 
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III. 7 GIioriica.1 3 

Table 3.1 ^iveo tie CT.emicsil aiic'ilyGis of Sxieets cTaucoJ-ed 
c'/b various "teniiDeratur es aad atiao syliores. Ma7>:iiauui decar oui’ization 
is observed in case of vacuum aiiiiealing. 

1 r.bi.e 3 . 1 Cl emic g.!^__aj.ial , o jb.. Sji l.dp,Q3£-:_S't s_ed si s ets a iiii e a l ed 

atj y/, ripus__;t erjyjera^^^ and. atmo s.oi iore .s 

' ' 1' ana ly sis wt. ;pc 'c. 

/V'^Jinospkerc 8 oo 0 v-lll.*..'. >3 clIL J 9^CX) C 3.iiiiG '-I j-i 

C Si S C tii S » C Si S 

iiydro^en 01.06 1.12 0.051 0.05 -L.22 0.030 0.05 1. 30 0^.025 


iii irogen O.Ofi> 


u 024 0.O8 C.94C .034 0.07 - 


0.022 


Vacuum 


0.04 - 0.022 0.04 - 0,024 OX'4 - 


U.C32 
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Cjaemical ly C oated an d Aan e aXed ^Iji l icoii St eel-diaeets 
1 1 1 . 8 Mcro^ t ru c tui ^ e an^ Grain . Size 

Jig, 3,15 siiowg the micro structure of steels subjected 
to dii'ferent chemical coatings andl aunealed. at 9uO^G in 
hydrogen, 'ihe structure is fen-ite with distinct grain 
boundaries. 

i^ig, 3,1'6 snows the variation of average grain size 
mth annealing temperature and atmosphere for va.rious coated 
sheet samples. The grain size is smallest in case of 500^0 
annealing except in the case of vacuum annealing. In the 
ccise of hydrogen annealing, the grain size is largest 
(120 }j.m) when eninealed at lOOO^C, but in case of vacuum and 
nitrogen ati^ sphere annealing such a feature is evidenced 
after 800° 0 annealing. The biggest grain size of (120 pm) 
is obtained in iiie cs.se of coating no, 4 (f'aUl hgu + nOH) , 
when annealed at 1000 °C in hydrogen atmosphere, iiiinealing 
in nitrogen atraospliei-e results in smaller grains for any 
coated samples annealed at any temperature. 
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4 


5 


iig. 3.15. 


Hi cro ;jt:. uc bUHes.. of 
r-:'mer.led. at 91. (/-'o 
\ s e c ti 0 11 p a.ral 1 g 1 

- linco 'it od , 1 - 

3 - 0a(>.. „ -I- U'H + 

y 

5 - .l•'iaQC^.''i.la.^O -1- H 

j c. 


silicoii-Gt eol Biieets 
cif uer 'vaa.'iou.g olioioical coatirigg 
ao 'blie rolling piano j 1 . 

2 - la do., + uyj + kOli 
. .V,. iij, 4 — .11101 + + ivOii 



Ann<2al<2dQt:800*C ^0*C 1000*C 
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uz>6ojpAH uz>6oj|ifsj uunnoDA 



Various chemical coatings 

3 >16. A 7 «r(igo grain »1*« rarlatlcin of ch«»lcally eoatod 300 grado 
silicon idiost along the hot- rolling plan# aft#r anneal lag 
in different ataoeph«r#s» 

(Coating d#aignati<ms saa# as in fig. 3*13) * 
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m-S Core-los s 

i^ig. 5.17 sh.ox7S the core loss v..oriation 'icith. araiealing 
temperature and atmosphere for "va-rious coated samples. The 
lowest core loss is obtained aftex' 9C0^C anneei-ling in vacuum 
for coating no. 1 (hgCO^), Coating no. 4 (CaOl + + noii) , 

rgives the lowest coi’e loss after 1000*^0 annealing in hydrogen 
and nitrogen. .Annealing at 100C°C in nitrogen results in 
highest core-loss tor cOv.ting no. 5 iCaOC^ + ixgO +K0xl;. 

On tO.e iniole nitrogen a. .nea.ling results in iiigher core-loss 
values of tlxs sheets. 

I X I . lu In itial 1 x annetiza tioii 

Xig. 0.16 snows some typical initial magnetization 
curves for coated samples annealed at 9^0° C in 

hydrogen atmosphere. It is apparent the/c there is not much 
change in ihe satuia.tion mci,gnetiza.tion for different coated 
samples. 

1 1 1 . 10 . 1 masixium re rmeahility. .( ) 

lig. 3.19 shows the n.amimum pex'meability 
vs-riation of the coo.ted silicon-steel annealed at dixxerent 
t emxDeratures and atmo spliex’es. Tne ti'snd of varic. fciOii of 
u for di'.-ferent chemical coa.tings is similar fox* any 
a ■ n eali n. t erap e ratur e or a, tmo sph er e . 
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^ • S Core-los s 

iig. 5»17 shows the core loss vc.riation with annealing 
temperature and atmosphere for ■various coated samples. The 
lowest core loss is ootained after 9C0°C annealing in vacuum 
for coating no. 1 (hgOO^). Coating no. 4 (haCl + + aiiuH) , 

gives the lowest core loss after lOOO^C annealing in hydrogen 
and nitrogen. .Aixaealing -at 10uC°C in nitrogen resiilts in 
highest core-loss tor co-ting iio . 5 (CaOo^ + ilgO +KOh>. 

On tl.e idiole nitrogen a. naealing results in iiigher core-loss 
values of 'clxe sheets. 


I ± 1 . lu In itial i magn etiza tion 

lig. 5. IS S-iOxrs some typical initial magnetizs,tion 
ciurves for coa,t:,d samples annealed at 9'-'C°C in ‘ 

hydrogen atmosphere. It is apparent that there is not much 
change in iiie satuia.tion nsi-gnetization for different coated 
sariples. 


II 1. 10 . 1 I-iamim.\m i r* er m eahi li t y .( ) 


lig, 3.19 Siiowrs 
variation of the coated 


the nanimum permeability pr 
>silicon-st :;el annealed a.t different 


t erap eratur e s and a. tmo sphor es . 


The trend of varia-tion of 


u lor 

.‘n r 

j.ii. - 

a ■ nealin^. 


dio'ferent chemical coatings 
temperature or s.tmo sphere. 


is similar for any 
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1 1 1 . 10 . 2 I nductioii at 800 11 eld 

iig, 5.20 shows the magnetic induction (at COO ly'm 
field) variation of the coe-ted samples ancnealed a-t dixferent 
temperatures and in various atmospheres. The trend is sirailar 
as in the case of na.nimuni permeability m , ) vai’iation 
(rig. 5. IS). 

1 1 1 . 11 hr itjbl^ne_^ 

rig. 5.21 shows the brittleness variation (in terms 
of rumbv.r of revei'se bends) of the coated samples for various 
annealing temperatures a.'.d atmospheres. It is apparent that 
annealing in hydrogen a-tmosphei’e gives the best reverse bend 
values. 

111.12 Chem ical iinalysi s 

Table 5.2 gives the chemical analysis of the coated 
silicon- steel samples after annealing in various atmospheres 
at SU0°C. The lowest level of carbon (0.05 pct. ) is 
achieved for coating no. 5 (ha^CO^. E^O + I-IgO ) ••-lien annealed 
in nitrogen atmosphere, iaisimum desulphurization is obtained 
in c.-.se coating no. 5 (CaCX)„ + M|p + nOIi), w-..en steel is 
annea.led in hydrogen. 



0,006 DoQ09 4O pglPguuV ^ ^ 

-r-t-rr-n-n, .n -n t- - - -T I- r-'- . ^ 



Various chemical coatings 

fXftm 5.20« Ma^gnttlc Xnduotion ftt 800 k/m aagnetic field for 30 grade silicon 
steel after different chesical coating and annealing in various 

ataoepheree. 

( Coating dealgnatlcme ean# ae in Fig. 3.15).. 
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I'cT-ble ill. 2 Ohej-ftCcJ. aiia lys iG of coated silicon steels 

ai t CGI' c tji^x ■jiocr J in_ vario us _aj;i'ip_s~ 
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]j4 iy 
DISGUSi: jI01 7 

I’hjre are t'tro xfa^’-s bj- which the electric:'! 
pi’oporties of Dilicon steel sheet can be izaproved. These 
are either by change in the steel composition or by chan;.e 
in the gi"-ain size by vr.rions finisloing ' reatments of the 
sheet, Por the same silicon level in steel, rv._ther 
improvement in the q.ualit;r is ,_ossible if ver-y loxf levels of 
residual impurities like cambon, sulphur > phosphorus and 
manganese etc. are achieved during steel making, rbr a 
conventional steel uaking process it is ra.ther difficult azid 
uneconomical to produce steels xzith very low 

levels of impurities. 

It is a wexl laioxni fa.ct tnzvc for any composition, xrith 

increuibe in ti.io grain size, tlie electrical losses in the 

silicon-steel decrease. !;i.‘Urthor, through the application of 

r eery s t alii zahcioii and grain- gi’oxrth, optimum grain size of 

the steel can be achieved. Additional improvements in the 

quality can be a.chieved 'vdaen processes like de- carburization, 

d e- sulphur' izati on , de-onidation etc. result durin r the 

armealing- tree.tneiit. Different chemically active cc-atings 

. r30 

have a.lso been tried for this purpose in- the past'* 
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lUe preseii'i; investigation nas boen ained at an 
iiiipruve_ient in 'uhe eiectrical and ina^netic properties of the 
hot-rolled dynano-^rade silicon steel sneets entirely throu.gh 
the finishing treatuents. x''Oi‘ tiis, varicus cold-reductions 
followed by annealing and the. use of chemically a,ctive 
coatings which might effect decarouriza.tion and desulphurization 
during annealing of the of eats have been discussed under 
two separate parts. 


- 1 


hffect of Innealing on irain bize Jontrol 


IV. 1 £i.eci 2 rst alii zat ion and Cmin--dro". th 


■ 2 '^ 

it L.c'.s been ea^rlier established that the 
applica.tion of a critica.1 cold-i’ eduction ior '•c-n-j silicon- 
steels respite in the largest grain size. The present 
invG::'c;i,_ f.tion reveals that the grain fiize is Kaxinimi at a 
c.oitical cold-redu.ction of lu pet., after annealing at any 
temperature in any atiaos.vhere >ii^. r.o;. The i.cro structure 
of as received hot-rolled oiieet i-i^* 5.1) reveals the fact 
thit the structure is not a coaxietely recrystallized one, 
Tlis was probaoly due to the low-finishing temperature or 
heavier reduction in the last pass during hot-rolling. Thv-S, 


even without any cold reduction, few re crystallized grains 
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appear after aiinec-ling, out its rate is si^nificaiitl" low. 

I'xost of ^'iie internal st..aino are relieved di..riii^ annealing tlirougi 
cnange in tiie ^rain sliape. At relatively lov cold 
reduction, i.e. say 5 pet., only a few grains 33 scryGtalli 2 e 
wiiicii grow at 'lie enpense of tiie neigiPo curing strained- grains, 
flius tiie average gra,in size after annea,ling practically 
reaains unenanged. However, at a critical cold reduction of 
10 pet. , optiaua nuialcr of nacler.ted grains grow c,.-nsu:;iing 
nest of tile strained grains. Vith furtlier* inciease in cold- 
r.i. notion '/j. s. 20 pot., neni;' ncre nuail or of nucleated .rains 
appeo.r unicli gi-'ow a.t tie sauo ti .e such, that the resultant 
gru.in size after annea-ling is re.tiier sna.ll. 

It appe-vrs that the grain ^rci/th variercion in the 
pi .^sent Co,se is fast.r irLtii the incree.se in a..xnec.ling 
t eiDper’atur e. iurther, the gra.in size achieved pre&en'bly in 
case of 800° 0 is largir than that of 7C0"C ennealing. i^nt, 

>.hen the an.'.' ealing temperature was fuu’th.sr increased, faster 
grain nucleaticn appea:.s to occur due to the availability of 
hi.;_.,her thermal energy. Ihis results i..i man 3 ’' grains growing 


at tne sa.ne time, thu.e giving rise to a fine i^rain size. 


iiis coniirms vdth txxe trend rei^orted by several 


. 19 , 20 ^ 

workers ’ 


As far as the effect of a-nnealin^ c,tno sphere is 
concerned, tne overall grain coarsening is uaxinuia in case o: 



vaciiuia annealing a,s conparecl to otlier annealiiii^ atno^h-ere , 
such, as h/dropen or nitrogen. Siis is due to the fact that 
vacuum resulted in the maximum clecarburization of the oteel. 
drainsize obtained in Cci.se of h;-''d.ro£,en oainealing is la.i’ger 
than in the case of nitrogen annealing. lliis is p-. ohaol;^ 
due to the iiiglier extent of dsc.arhurize.tion through the 
following reaction in the case of hydrogen arniealing 
i'a.ble II 1. 1). 

0 + — Oil, f Of-, , — ~ Y54b -.Cc.ls 

with the prevw'.iling conditions^ this reo.ction proceeds in 
the :'‘rwei.rd direction and the rate is faster when the 
t enp era tux’ e is high. IhiiSj, it is evident that the change 
in roi'-tn sj. ze combined ■'."ith ;.ec...rbui’iao.tion affect the core 
loss p-vopcrty. 

i'Le 1 w..__nitudes of ^rehn .size of tne sheets cold 

oor,.ed along uiie pc-ralicl or perpendiculaz’ direction to the 

xiot rullin,^ direction are appro nine- rely similar. ihis 

, p"- 

co.-xfirms with tl_e litera’ture^ which reports that grain 

growth after recryutallization is independent of the diroction 
of cold-rolling of the slisets, 

flic aspect-ratio of grains incraises with the extent 
of cold- reduct ion lH,,. P.d ). 'Iliis is obvious, as higher the 
extent of cold-reduction, tlie aiii.sotropy induced is higher in 
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■l-he direction of cold-rolling, llie.' tie, cold-rolling was 
dune in a perjendicnlar direction to tie not-rolling, tlie 
-Lspect ratio toiids to a v.aue of unity due to tie fact tiiat 
eloni:,ated ^rains after hot-rolling (rig. p.ij get flattend 
due to rolling in the perpendicular direction. 'Sie results 
mat tne grain aspect ratio for an^?" level of cold-rcduction 
i no:, oases in the order 9uo’' 0 — &Uu°C — j for p-'iij 


aiinoaling atnosph're ex 
the hasi's that the inc. 
xj.roher of rowing crion 
and tno diroctionali t;' 


cc..'ting. va-cuiim, can he er:plained on 
ease in anne.rling t o:ipera.ture the 
ta/oion. free giains (ecpuia.rod.) increases 
of grains is lost. 


I'/. 2 j^^.ecgh.ical, paid _r'*a,^iie ’.;ic_ aro^3nties 
I / . 2 . 1 do rj> • l;j s^s 


i'hc electrica.1 losses for the oi-st.:-el ;-oasured 


presently d 
esta' J.ished 


oci' ease 
feature 


with incre. 
Cl<D.18,19l 


se in grain size, fhis is an 
tnat ’inth the increase in 


gi'c-.in size; the loss due to n/st^resis 
■c.-..e eddy- cui rent loss increases. ‘iLius 


decreases, whaaeas 

Ci.i 0 i?o X 3 Sn .1 op uiiii'UiAi 


grain si so fur wnicxi txie coruloos is aiininun. I’he tmid in 




variation of the core loss values ^rig. 3*9 and dig. 3-ls ,■ 


ccnfixVJs witn ta.at obtained u'ith the go'ain-sizc ...lots 


guij.. 3.5 and xi 


r-T \ 

p. /n 


ihis e^nfirns that she inprovemont 
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in tiiO oltcinical px-operiy, i. d. , decrease in cone loss is 
purely attr’icutod to tnc increase in ^^rain size axter tlia 
critical cold reduction. 

I V . 2 . 2 I ni tia l .i''!ar,n_q;G j^atJ^o_n 


iliG satin’ation napnotizrtion clv.rac tori otic of 300-- 

iprade silicon-steel is virtually unaffected r-H) at 

low levels of cold-reduction, but, when the cold-i eduction 

increases (in this case upto 20 pet.), induction !■- creases. 

To-e i-',ninua. nernoabilitv (u ) of o.ny iXignetic 

Eiax 

. . , , ... ,4 .... 

s'ceel as a suon-’.c'Gure sens^ruivo pr-wp.Gr'cy inc-ease 

in anneoiling, tenp^ratvre, the noniiaun ;p ex’Uijabilitp' has a 

decreasing tendency (ii,.,. 9.12; in c-.se of y dro yon oi' 

nitrogen annealiny, though this trend is o^osent in case of 

Vv.cir.ri aione.'ling. l/i inc-OCuse i:i a:in3o.lin,_, t enp era t lire, 


'ca.; 


dour CO of . .rairi-oriOirbc-.tion duo to )rior col- work is 


lost uhich decreases the mo-ninuci p erneability v£-lue&. ^ 
xurther docreoise in hi ■ va,lu3S in txie case of loLtroycn 
o.nnealiny r ..suits due to ^^^‘'^bably nitrogen diffusion into 
tno st oel. 


1 1 • b • nx’i'cr i en os s 


stool 


It is desired that 
shoots should be low 


i> no ^ ri c cl 
, as hijaer 


eness of tho 
brittleness 


silicon- 


causes 
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difficulty in i-andling ar.d puncliin;3 opcnatioiis. In 

corii ercnal praxtice, tliis urittlanGSG is ..'casurcd in tei-ias 

of num.er . f reverse lends tiie sleet enn tale till tno 

ss.rence of fracture, liae results of the present investi- 
,--',ation reveal mat Irittloness 0.14/ i-creases uith 

t_x inc... ease in annealing; t enperaturs , particularly in case 
of nitrogen annealing. Uitli increasing cold-roduction and 
te.uperature of anneeJ-ing the possibility of enhanced nitre .^en 
diffusion into the steel is aore uhicii nan'- eaerittle tt.e 
nafcerial. linila.x' types of correlation rave been observed 

—X o . j. e c ' ■« s e r j lo u :x» cx_i- so , 

na:: - 


IT. 


Jlf'L-C'c O'.; 


niie'olin.'- am 


i sphere, or, „cjt,-e,eJL; xomjpo sl.„tipn 


■fable III.l reveals that t.ne effect of vacuun or 


hydO'-'-ogen annealin^ on 

steel coLipo 

sition is 

ncre ■ 

Gilcii: in 

ni 'bi- g en .ann coiling , i' 

lii ■> can be 

cioplo.ined 

on til 

0 jehsis Gns. u 

du'. ing -y.ocum. anneo.lin 

3^ t]ie carb 

on ill the 

G'*J JGI 

dif iuses 


O’-t a .,c C'-mbi es with the onj'gen in the scx.le, if any,wb-ile 
in t-'X case of hydrogen arx'.xealing, Iv'clrogen roaebs -with the 
con bon on bhe sui'f ice of the sheet tc fon CJxi,, onid .^exice 
bett er de carb-ur izorbion. 
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Part I I 

Pffect .. p„:iL.Qiieri 3 i, cal, fi^oatiii.ps 


The jDuripose of giving the chemics,! coatings pi’ici- 
to annealing on to the sheet surface is to ira^>rove the 
eloctrical and magnetic properties of the 500 grads silicon 
steel sheets tli.oc^ de carburization, and dosulphuriza-tion. 
Accordingly the various chemical compounds were selected. 
Tiicse coatings have been tried and so orted elseuliere 
for improving the quality of t-ansfcriaor ^r£.de sneets. It 
■'jas assumed that the nano -grade sheets can also be 

iiiipi’oved by the employment of the same _u'*inciples. hurtlier, 
it ii£is oeen reported t^^at the presence of ...aOl and ha 2 Cu^ 
o.s co-ting components f£.vours desulphurization of the 
steel 


To economise the total annealin^, tii’e, samples coated 
irltli various carbons-tes s\ich as CaOC„, hgCC„ and naOG^ 

('Tapjle II. 1) were airnoaled together. oimil-.ily sa,nplos 
coo-ted with different alhaline coipounds li:i:e r:a,„0t'„,ii^0 and 

J c. 

haCl wore annealed together. Coatings in the first group 
( car joimtos) wo.en heatod decompose into their respective 
oxides and carbon dioxide go-s. Tha Co,r'.)on dic:d.ue is 
ex.)ected to coct as t^ie docen'burizjnag ag-ent for tne sheets. 

The decaburiz£..tioii reaction of '0 + OC 2 = 2C0 ' occurs on the 
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surfc,ce of the sneet at the uetal/ coating interlace- The 
rate of this decarourizatioxi reaction is controlled oy the 
diifusion of Ccx-oon along the sheet thickness and the 


P 


GO 


Pgo, 


ratio. As the samples coated x;ith different coatings 


were annealed together, the different reactions involved are 
rather complicated and it is very difficult to find out the 
effect of each individual coating Gnantit£’-tivol 3 ^. fherefore 
the effects of the vca’icus coatings are analysed guo-litativcly 
and the performance of anj'" ooc-ting in particular is 'valuated 
from its effect on 'ehe eloctrica.1 and ina^netic property. 

hOii exciS used to get aa alkeiLino nediun wniCii 
^■lininates the rustjr spots and the stainiir^ of t--o coated 
sample vS. f.:-.i& e^-lso nelees the coating more uniform and 
ealherent . In case of coating no. 1 (HgOo^), it resulted 
in s ra.inj.ng and lustj’’ spots af t the sam_.leo are C 0 s..-tcd, 

whereas this was not observed in the case of ether coatings 
hiable if. 2). 


In all the coatings xigo was one of 'oho components 
including coating no. 1 (ligGO^)j v/nero it was obtained after 
decoiiiposition at the respective annealLing temperatures. HgO 
reexets with Siu^ in the steel forming 'hgSiO^' according to 
the following reaction eri-tliin a tonperature ranging from 

, . ■ -I ^^r70^[56 j. 

room teiaperaxure xo lO'^ / o 
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+ Si02 = I'-sSiOj, & 1173 O 1 - = - 7609.7 iCcal 

thura :- 9 -'ri'i:d on tlie su.:.-fac 8 of tLo sheets acts as an 
j ;astilr.ting la^^-er wliicli decreases tlio eddy current loss'-^'-'. 

iill tlij ca,r'oonates used as co<-i.ting couponants viz. 
daUO^ and GaCO^, decompose when heated to the ainiealing 
temporatures. Ctne various deccnpo sition roaotlons ccncornad 

1 zg 

are as follows^-^ 


ij-gCO- = n .50 + OJ2 (decomposition ton_/. 950 - 900 "C) 
BaGG^ = Bao GO^ (d'^ccaposition tenp. C 05 - 95 C°C) 
Gs.CG^ = CaC -I- CL ^ (doccnpcses at ail temp, natures) 


Tl.e CC generated rea-cts uith the cer’oon in the 
s.'.eot surface and results in decar Dvirizertion, according 
tl.o follo’'rin^ eguafeion. 


to 


GOo 2 JO 


I'his ic a 2 ’oversible reaction and is mostlj^ depenuent on 

CY , 

tomporature and satio. i/ith the condibions provailing 

2 

In the proserrb investiga/bion, the ahovo reaction proco,.ds in 
the iorward direction. i'ho late of carbon rceioval is 
dc-rondent mainly on the quantity of tho Gu^ a^'^i^rated from 
the embino and the prevailin.^ uonperaturo. rurtr. er, the 
rate of do carburization is also dependent on tho diffusivity 
of carjon atoms in tho steel at any particular t oiaporaturo. 



95 


Tile guan 1 :it 5 r of OO 2 Aoneratecl from oacli typo of cuatinp 
imidor present sot of erperimcnts was calculated and found to 
docroasG in tl:o order CaCO- — ? daOt,, the ratio leing 

o;2ol. It is therefore expected tlia.t iigCO^ would result 
in the highest degree of docarhurizaabion, when other factors 
are unchanged. Therefore, ma.ximum improvement in core loss 
propertj?’ is ohtainod in case of ^ coating w'hen sulojejcted 
to vaciium nniv^aling. 


IV, 5 ^rain oi 20 

ino change in grain size of the coated samples (Ilg. 

\ 

3.16) is mostly duo to the vai’iation of annealin' temp-^ratui 
wliich controls the rccrystalliaaticn ch:n act eristics. The 

micro structure of as received hot ro3.1od r.h ct (lii.g. 3.1) 
reveals that the rocrysta-llisation during hot lollir.', was 
incomplete. It is ruthor diificult to idembif;’- the oxnct 
pa 3 .":imot -.rs in case of differc-nt sa-nples wniCii afreet tne 
grain size other tha.n that discussed aoeve. 




:irs 


As the present investipaticn rrveal 
Crating lUi'"’’ or a sot condition of ar.nealing' 
in iDrpa.rt ing any approciablr cliango in tiiu 
stoel, the diff^.rmico in the core-loss is 


s that the typu of 
is not sensitive 
grain siz^ of the 


thus mostly duo to 
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factors other tlian grain size, i.e. , docarbr.rization , do- 
suJ-phuri zation etc, Althou^i it is di:'-iicult to quintify the 
offvXJts of such pi'ocosses on the core-loss propert].'’, a 
qualititativo approach is uox'th ; xntioniiro- As already . 
indicated in oarlior section, the coating yielding naninum 
COp ...as shouJ-d result in the highest dwgroo of d^carhurizatioii, 
-Chis is confirned from the core-loss plot irig, 9.17). ror 
enample, in case of oam;t-les coat.jd a’ith ■■rLnimun 

core-loss after annealing in vacuum uas observed coating 
4 U'!'a01 + hgC and -o, 5 h^O j have- 

resulted in compara,tivol 3 '- lovror core-lcs-s^o after aiuioaling. 
ihis io posbioj.;/ du^ Sv some d-.gr^-c cf d esulphua-i zation ^ ^ 
uiiich .is confirnv.u. from the chemical o.nal3’sis vlaole III. 2) 
of typical spocimons. 

vith thvj incrce^sing meg,.•:.^,tic softness of the steel, 
i.-.n, when the core-loss decreases, th-.. aanimum p .rneebility 
increases. The maniMun perncabilitjr plot (ei;.^. 3. IS) shows a 
similar trend as obtained in the case of core— loss. Coating 
nos. 2 .and 3 eive blghor core— loss vs-lues and correspondi..igly 
t’.'.e ..r-xinium p ^rmo.-ibilitiu3 oire lo'Wer. On the ethm hand in 
enso of saiiipleS coated with co-ating no. 1, 4 or 5, loim-x’ 
core— loss values are obtained as compared with samples ccoted 
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7 "V’ . 7 . xi rittloiio ss 

¥itia the increase in ilic aimcaline: tenp o-rature , 
tiio ^rain . coarsening increases. iB.i-,.i'oforo Driiil-n^-ss 

plot {.i-ig. 3.21) siiows a gradual decrease in reverse lend 
values with, increase in th^ annealing toHperaturo. In ensi. 
of nitrog'on annealing the lowest nuriocr of rev>..rso oonds 
obtained wlaich is possibly due to nitrogen picL-up as 
ozplained in the c: so of cold-rolled sL..wt3. 



CO I 'lC juU 5l0i<S 


It ic always possible to improve on the electrical :.nd 
magnetic properties ox Iiot-rollod, dynamo grade silicon- 
steel sheets through. CLiffereal; finishing treatments 
v±Z critical cold- -reduction and the use of chemically 
active coatings to facilitate docarburiaation and 
d:jsulphc.rization process es. 

lor a 5oO-grade steel-sheot containinti 1.4-2 pet, silicon, 
the critical cold reduction wliicn results in the largest 
grain size after annealing is about 10 pet. 

Annealing of the cold-rolled silicon-steel sheets at 
8uO°G results in the Is-rgest grain size. On further 
increase in the enaneeling tej-perature grain size becomes 
finer, 

Ihs core losses corverponding to the ciltical level of 
cold-reduction of 10 pet. and annealing tempere-ture of 
G00°C are i..inimuia. Ihe maximum permeability, , 

values after va^-ious rainealing treatments are maximum 
corresponding to the lainimum core loss values. 
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Samples coa'ted -with iTaCl r-iid iiiroroves 

tile eloctrica-1 and magnetic properties of the d3’'na}to 

grade silicon~steel after amealing 'sdiereas coatings 

containing 3aGC',. and GaGC'-, deterici’ate the pronertios« 
h P 

hrittleness of the annealed, 300-.;rac1e sheets is a 
function of atnosphore, such as it is lowest in case o 
hydrogen annealing, but is not a, function of annealing 
temperature, where it remains more or less constant. 
She chemica.! coatingsdo not appear to have much 
inf3-uenco on the brittleness. 

In general vacuum a.nnealing res'J-ts in the oest 
electrical properties followed by hydrogen and 
nitrogen. 
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